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Abstract 
Magnetic Resonance Studies of Free Radicals Generation and their 
Impact in Different Polymers  
by 
Sunita Humagain 
 
Advisor: Steve Greenbaum 
 
Studies of free radicals in the physics, chemistry, biology, and materials science have contributed 
to advancements in those fields. The presence of radicals can damage the material and system in 
some instances and, in some cases, they may enhance the property of the material as well.  
Knowledge of free radical transformations helps in resilience of certain polymers and inhibition 
of the oxidation of food and medicine. In this thesis, using the magnetic resonance techniques, 
EPR and NMR, the generation of free radicals and their effect on the structure of the material is 
being studied. 
Kapton Polyimide (PI, Kapton®) used in space missions as a thermal management blanketing 
material makes it vulnerable to the ionic, proton and electronic radiations when exposed to outer 
space environment. Modification of PI’s chemical structure occurs and therefore have a dramatic 
impact on the electronic conductive behavior. The recovery mechanism (free radical evolution) of 
PI in vacuum and air after having been subjected to 90 KeV electron irradiation is studied in this 
research. 
Melanin, a biopolymer formed by polymerization of quinone radicals, is intriguing study among 
scientists because of their unique structural and optoelectronic properties. To tune this polymer for 
various applications melanin -like tripeptides are synthesized and properties of those peptides 
based on free radical polymerization are studied. Finally, enhancement in conductivity of PEDOT: 
PSS electrodes used in opto-electronic devices is being studied by probing the behavior of the 
charge carriers, especially polarons under the effect of magnetophoresis. 
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Chapter 1 
Chemistry of Free Radicals   
 
1.1 Introduction 
The discovery of first free radical, the triphenylmethyl, was studied by Moses Gomberg in 1897 
[1], was obtained by the reaction of triphenylmethyl halide with metal Ag. Since then, study of 
free radicals in branches of physics, electrochemistry, organic synthesis, biomedicine, and 
pharmacology has been going on [1-5]. Advancements in fuel industry, rocket techniques and 
space technology involve the reactions of burning and explosion, thermal cracking and 
polymerization etc. All these processes generate free radicals. Most of them are unstable and highly 
reactive in nature under certain temperature and conditions (at a very low temperature, in inert 
media or vacuum) [9]. Free radicals enter reactions of substitution, addition, elimination, 
isomerization, recombination, and disproportionation. They explain chemical transformations of 
materials. Knowledge of free radical transformations helps in maintenance of certain polymers and 
inhibition of the oxidation of food and medicine.  
All free radicals are paramagnetic and many of them have a specific hyperfine structure that can 
be studied using electron paramagnetic resonance spectrum (EPR. This method can be used to 
detect the presence of radicals and to determine their concentration. [4, 8] Nuclear Magnetic 
Resonance (NMR) can be used to study the effect of radicals on the structure of materials under 
study. 
 
 
2 
 
1.2 Free Radicals 
Electrons in atoms occupy regions of space called orbitals. Each orbital can hold maximum of two 
electrons with opposite spin according to Pauli’s exclusion principle. Any species that are capable 
of existence containing one or more unpaired electrons are called free radicals. Unpaired electron 
is the one that is alone in an orbital [1-5]. They are often represented by the application of a 
superscript dot (•). They can be both beneficial and deleterious depending upon the formation and 
reaction afterwards [3].  
Free radicals are unique and rare species and are present only under special and limited conditions. 
Life of a radical depends on its stability and conditions of its generation. Most organic radicals are 
quite unstable and very reactive. 
1.3 Generation of Free Radicals 
To produce radicals, a covalent bond has to be homolytically cleaved into two parts so that each 
fragment possesses an electron on the atom which shared the covalent bond. Heterotypic bond 
cleavage is related to polar reaction. [1, 4] Generally, the cleavage of the bond is achieved by the 
application of energy in the form of heat, light, or radiation. Light can bring the fragmentation of 
a compound if the wavelength of the light corresponds both to an energy greater than that of the 
bond to be cleaved, and to an electronic excitation of the molecule under study. Oxidation (1.1 a) 
or reduction (1.1 b) (redox reaction) also generate radicals by an intermolecular electron transfer 
either by accepting an electron from a donor or donating an electron to an acceptor. [4] 
                                          𝑅 − 𝑋 
+𝑒−
→   |𝑅 − 𝑋|•+ → 𝑅• + 𝑋+                                         (1.1 a) 
                                         𝑅 − 𝑋 
−𝑒−
→   |𝑅 − 𝑋|•− → 𝑅• + 𝑋−                                         (1.1 b) 
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1.4 Elementary Radical Reactions 
Free radical reactions may be broadly classified into two groups. In the first, the product formation 
occurs from the combination of two radicals [5]. 
𝑋• + 𝑋• → 𝑋 − 𝑋       (1.2) 
In the second class, product formation results from free radical reaction in organic materials involve 
three major steps [2]. 
1) Radical Initiation (equation 1.3) 
2) Chain Propagation (electron or atom transfer, addition, elimination etc.) (equations 1.4 a,b) 
3) Termination (equations 1.5 a, b, c) 
𝐶𝑙2
 𝑙𝑖𝑔ℎ𝑡
→    2𝐶𝑙 •                                 (1.3) 
𝐶𝑙• +  𝐶𝐻4  → 𝐻𝐶𝑙 + 𝐶𝐻3 
•            (1.4 a) 
𝐶𝐻3 
•   +  𝐶𝑙2 → 𝐶𝐻4𝐶𝑙 + 𝐶𝑙
•        (1.4 b) 
2𝐶𝑙•  → 𝐶𝑙2                                       (1.5 a) 
2𝐶𝐻3
•  → 𝐶2𝐻6                                    (1.5 b) 
𝐶𝐻3 
• + 𝐶𝑙•   →  𝐶𝐻3𝐶𝑙                      (1.5 c) 
 
1.5 Stability of Free Radicals 
Most of the known stable free radicals are oxygen- or nitrogen-centered radicals, where the 
oxygen and nitrogen atoms have high electronegativity as given in figure 1.1. Persistent free 
radicals have a long lifetime and they are resistant to dimerization, disproportionation and other 
routes to self-annihilation, though they may not be stable for eternity [8]. 
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Figure 1.1 Some stable free radicals 
Bond dissociation energies give idea of the stability of those radicals along with how they have 
been formed. The lower the bond dissociation energy, the higher will be the stability. Normally, 
π- radicals more stable by thermodynamic control (this is by resonance effect). σ-radicals are very 
reactive, and it is not possible to stabilize radicals only by kinetic control (steric effect due to the 
spatial arrangement of molecules) [5]. Thus, all the radicals in figure 1.1 are stabilized by 
thermodynamic control.  
 
Figure 1.2 Structure of σ- and π- radicals 
1.6 Free Radicals in Kapton Polyimide (PI) due to Irradiation 
Polyimide (PI, Kapton®) used in space missions as a thermal management blanketing material 
makes it vulnerable to the ionic, proton and electronic radiations when exposed to outer space 
environment. It compromises the exterior surface of most spacecraft due to free radical 
generation. The relation between free radical generation in polyimides due to thermal degradation, 
thermoxidation, and discoloration has been studied.  Free radicals alter the electrical properties 
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as they form space charge traps within the band gap. This can adversely affect the macro-
electronic conditions of spacecraft resulting in electronic discharge or arcing [10, 11]. However, 
comparatively fewer studies have been performed focusing on the effects from high energy 
electron irradiation. 
1.7 Polymerization of Free Radicals in Melanin 
Melanin, the characteristic black, insoluble, and heterogeneous biopolymers of human skin, hair, 
and eyes, have intrigued and challenged generations of chemists, physicists, and biologists 
because of their unique structural and optoelectronic properties. Melanins are formed 
intracellularly by enzymatic conversion of tyrosine to dopaquinone, followed by oxidative 
polymerization. During this polymerization, the free radicals are produced with unique 
simultaneous presence of fully oxidized and fully reduced subunits. This phenomenon is known 
as “the comproportionation equilibrium”, in which the o-quinone and o-hydroquinone melanin 
monomers exist in equilibrium with their semi-reduced (semi-oxidized) form. Stable-state 
concentration of melanin free radicals under typical physiological conditions is very low, of the 
order of 1018 spins per gram. AC and DC conductivity, photoconductivity, and photothermal 
analysis have been used to calculate activation energies, deduce apparent band structures and 
carrier densities due to these free radicals in melanins. The electrical properties of solid-state 
melanin samples are also very dependent upon the hydration state of the material [13]. 
Understanding the polymerization mechanism in this polymer may help in controlling this 
material for applications in cosmetics and biomedicine. 
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1.8 Free Radicals in PEDOT: PSS [Poly(3,4-ethylenedioxythiophene) 
Polystyrene Sulfonate] 
PEDOT is one of the organic polymer used in optoelectronic devices for as transport material. As 
with many other polymers with conjugated π-bond systems, their electrical conductivity in the 
doped state is always intriguing study for electrochemists. Depending upon the doping level, 
charge carriers such as polarons and bipolarons on the PEDOT chain, are responsible for current 
propagation in the polymer. [14] Although the paramagnetic species, mainly polarons in PEDOT 
chain have been studied due to effect of secondary dopants, the effect of magnetophoresis on 
charge carriers and paramagnetic centers are being studied along with in this study [15]. 
Magnetophoresis aides the calculation of the paramagnetic concentration of free radicals in the 
sample with more accuracy.   
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Chapter 2 
THEORETICAL BACKGROUND 
 
2.1 Spin 
Elementary particles possess a total angular momentum, due to the sum of orbital and intrinsic or 
“spin” angular momentum. The intrinsic electron spin has magnitude √S(S +  1)  and z-
component (along the B-field direction: Sz) equal to  ± 
ℏ
2
.  For nuclei, spin is denoted by  𝐼, and 
for even-mass number nuclei can take integral values of ℏ as 0, 1, 2, and half-integral values 
1
2
,
3
2
,
5
2
, 
... for odd mass number nuclei [1, 2, 3]. 
Particles with non-zero spin possess a magnetic dipole moment. The magnetic dipole moment, 
 𝜇, can be written as 
𝝁 = 𝑔 (
𝑒ℏ
2𝑚𝑒
)
𝑺
ℏ
                                    (2.1.1) 
 
For electronic magnetic moments, eqn. (2.1.1) is specified by: 
𝑔 = unit-free factor (~2), e = quantum of electronic charge, me = electron rest mass, S = spin angular 
momentum and ℏ is Planck’s constant divided by 2. 
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Note the quantity in parenthesis is the Bohr magneton, 𝜇𝐵 =
𝑒ℏ
2𝑚𝑒
 , with units of dipole moment 
(J/T or eV/T).  Similarly, for nucleons the magnetic dipole moment as given by eqn. (2.1.1) is 
amended such that  𝜇𝑁 =
𝑒ℏ
2𝑚𝑝
, the nuclear magneton and, 
               𝝁 = 𝑔𝑁
𝜇𝑁
ℏ
𝑰        or         𝝁 = 𝛾𝑛𝑰                     (2.1.2)              
 where,  𝑔𝑁 = nuclear g-factor, mp = proton rest mass, 𝛾𝑛= nuclear gyromagnetic (or magnetogyric) 
ratio, and I is the nuclear spin. 
2.2 Behavior of spins in an external magnetic field 
In the absence of an external magnetic field, a particle’s spin is randomly oriented. When an 
electron or nuclear spin is placed in a static external magnetic field 𝐵0 , will orient in either 
“parallel” or “antiparallel” direction relative to the magnetic field.  For instance, with a spin- ½ 
particle, two spin states are possible, with Iz = +ħ/2 (spin-up) or -ħ/2 (spin-down), as shown in 
Figure 2.1 for a proton. Here with Iz = mħ, and m is the spin magnetic quantum number [2, 3]. 
 
Figure 2.1 Magnetic moments for spin ½. 
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Additionally, when a magnetic moment is placed in an external magnetic field, the interaction 
between magnetic field and the magnetic moment 𝜇 gives the potential or Zeeman energy as  
𝐸 =  −µ⃗ ∙ 𝑩𝟎⃗⃗⃗⃗  ⃗                    (2.2.1) 
The minimum energy occurs when positive µ⃗  is aligned parallel with ?⃗⃗? . Since, the magnetic field 
is applied along the z-axis in NMR spectrometer and the angular momentum is quantized, the 
minimum possible energy is  
              𝐸 =  −𝛾𝐼𝑧𝐵0  (2.2.2) 
Here Iz is the spin angular momentum in the z-direction with following quantization 
              𝐼𝑧 = −𝑚ħ       (2.2.3) 
Where m is magnetic quantum number which can only take on values from −𝐼 to +𝐼 in integral 
steps. Plugging (2.3.4) into (2.3.3) energy of mth state is given by 
𝐸 = −𝛾𝑚ħ𝐵0      (2.2.4) 
The energy difference between the m and the m+1 energy level is: 
∆𝐸 = 𝛾ℏ𝐵0                             (2.2.5) 
This energy gap is proportional to the applied magnetic field B0 and can be represented by an 
energy level diagram, as shown in Figure 2.2 for the case of electrons (where the magnetic moment 
is antiparallel to the spin). 
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Figure 2.2. Energy levels for an electron (m = ±1/2) in an applied magnetic field 𝐵0 
While aligning with applied external magnetic field, the spin will precess about the direction of 
B0. The energy given by eqn. (2.2.5) can be represented as:   
𝐸 = ℎ𝜈0                             (2.2.6) 
where, 𝜈0 = frequency of precession known as the Larmor frequency. The particle spin 
orientation can only “flip” or change from antiparallel to parallel by giving up the precise energy 
from equation (2.2.6). 
Thus,  
ℎ𝜈0 = 𝛾ℏ𝐵0 
                               𝜈0 =
𝛾𝐵0
2𝜋
                          (2.2.4) 
∆𝐸∆𝐸
= 𝑔𝜇 𝐵
∆𝐸 = 𝑔𝜇𝐵𝐵0 
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This is known as magnetic resonance condition. Nuclear magnetic resonance (NMR) and electron 
paramagnetic resonance (EPR) spectroscopic techniques drive the above magnetic resonance 
condition by manipulating spin populations with electromagnetic radiation (𝜈0). NMR pertains to 
nuclear spins and typically operates at radio-frequencies (RF) for technological reasons, whereas 
EPR pertains to electron spins and thereby, due to the mass ratio (mp/me ≈ 938/.511 ≈ 1800), 
operates at frequencies 3 orders of magnitude higher than NMR (microwave). 
 
2.3 Basics of NMR 
 2.3.1 Principle of NMR 
Nuclear magnetic resonance (NMR) is a phenomenon which occurs when nuclei of nonzero spin 
are immersed in a static magnetic field and simultaneously exposed to electromagnetic radiation 
at or near the Larmor frequency [2][3].   When an ensemble of nonzero spin nuclei is placed in a 
magnetic field, the spins will precess around the direction of their local magnetic fields Because 
there is a distribution of local fields, there will be distribution resonant frequencies. 
To include the effect of multiple spins on resonance, Boltzmann statistics is taken into 
consideration as follows: 
𝑁𝛽
𝑁𝛼
= 𝑒
−
∆𝐸
𝑘𝐵𝑇       (2.3.9) 
Where 𝑁𝛽  is the number of nuclei is in the highest energy level, 𝑁𝛼 is the number of nuclei in the 
lowest energy level, ∆𝐸 = 𝛾ħ𝐵0 , kB is the Boltzmann constant and T is the temperature. In a 
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macroscopic sample, the net magnetization of material (𝑴𝟎⃗⃗⃗⃗⃗⃗ ) is oriented in the direction of 
magnetic field B0 (z-direction) as seen in Figure 2.3 below. 
 
Figure 2.3. Diagram of net magnetization vector M0 pointing along the z-axis due to the applied 
magnetic field B0 along the z-axis 
At equilibrium the net magnetization, 𝑴𝟎⃗⃗⃗⃗⃗⃗  is along the z-axis; there is no net magnetization 
component within the x-y plane  
𝑀𝑧 = 𝑀0 (2.3.10) 
𝑀𝑥,𝑦 = 0  (2.3.11) 
The resonance condition can be driven if a radio-frequency (RF) pulse is applied to the spin 
ensemble (via induction). The RF pulse is an oscillating magnetic field of intensity 𝑩𝟏⃗⃗⃗⃗  ⃗ that is 
generated perpendicular to the static field 𝐁𝟎⃗⃗ ⃗⃗  . If 𝐁𝟏⃗⃗ ⃗⃗   oscillates at or near the Larmor frequency, the 
nuclear moments will evolve towards equilibrium with 𝑩𝟏⃗⃗⃗⃗  ⃗ and the total magnetization 𝑴𝟎⃗⃗⃗⃗⃗⃗    will 
rotate away from the static field direction as shown in Figure 2.4.  
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Figure 2.4. The net magnetization vector rotates into the x-y plane from the application of RF 
pulse 
 
The angle of rotation or flip angle is given by:  
                                                                   𝜃 = 2𝜋𝛾𝜏𝐵1                                                               (2.3.12) 
Which depends on the strength of the magnetic field produced by the coil (B1), the duration of the 
pulse 𝜏. 
2.3.2 Relaxation in NMR 
 In order to manipulate the sample magnetization, i.e. into the x-y plane, RF pulses of a certain 
duration, phase and intensity can be used. For example, a 90° or 
𝜋
2
 pulse applied along the +y 
direction will rotate the sample magnetization 90° from its initial equilibrium orientation (along 
the z-axis) to the x-axis. The pulse is specified by duration (pulse width), phase and power (|B1|), 
and for solid-state applications typically pulse powers of 100-300Watts generate 
𝜋
2
 pulse widths 
of the order of several microseconds.  After the 
𝜋
2
 pulse is applied, the planar magnetization 
(called a coherence) will attempt to re-establish equilibrium, in this case due to simple magnetic 
dipolar interactions, and begin to decay per the following equations: 
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𝑀𝑦 = 𝑀0 𝑐𝑜𝑠(𝜔0 𝑡)𝑒
−
𝑡
𝑇2                (2.3.13) 
𝑀𝑥 = 𝑀0 𝑠𝑖𝑛(𝜔0 𝑡)𝑒
−
𝑡
𝑇2                 (2.3.14) 
𝑀𝑥 is the magnetization in the x direction, 𝑀𝑦  is the magnetization in the y-direction. Here T2 is 
commonly called the spin-spin relaxation time constant or transverse relaxation time constant. It 
characterizes the time during which the coherence magnetization (signal) decays and is particularly 
important to assess when paramagnetic relaxation is significant.  Such cases are difficult or 
impossible to study with single-pulse acquisition if, for instance, T2 is of the order of the 
instrumental deadtime.  Fortunately, the use of an echo-pulse sequence may provide a measure of 
the coherence as well as its decay rate, since the echo, unlike the FID, might be produced and 
acquired beyond the instrument deadtime. 
An echo producing pulse sequence, i.e. Hahn-echo, is shown in Figure 2.5 below. In this sequence, 
first a 
𝜋
2
 pulse is applied, then during an evolution period τ, the coherence will dephase and decay 
in magnitude due to the local inhomogeneity in the magnetic field. The extent of dephasing will 
depend on the evolution time.  If the evolution time is not too long, a 180° or -pulse is can next 
be applied.  This will cause a 180° phase shift on the evolving coherence, reversing the dephasing 
phenomenon of the remaining magnetization.  The action of the 180° pulse re-focuses the 
coherence and produces an echo coherence maximum precisely at τ following the 180° pulse. 
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Figure 2.5. Hahn echo pulse sequence.  
 
Through the accumulation of echo coherence signals with respect to τ, the rate of decay of the 
signal can be determined. The signal intensity as a function of τ, following the exponential 
dependence of eqns. (2.3.13-14) is shown in Figure 2.6 below: 
 
Figure 2.6. Exponential decay of the coherence signal with respect to pulse delay τ  
The time evolution of the z-component of the magnetization (Mz) must also considered.  While the 
spin system freely evolves due to T2 processes, the sample spin system also evolves towards 
equilibrium along Bo, reestablishing the initial description of the system as lim Mz (τ →∞) = M0.  
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This process, called longitudinal or spin-lattice relaxation is also characterized by a time constant, 
T1.  For simple homogeneous T1 relaxation, the recovery processes evolve exponentially: 
𝑀𝑧 = 𝑀0(1 − 𝑒
−
𝑡
𝑇1)            (2.3.16) 
 
T1 measurement, an important part of this thesis, is carried out by tabulating Mz(t) according to 
eqn. (2.3.16). A commonly used pulse sequence is the saturation recovery sequence as shown in 
figure 2.7 below: 
 
Figure 2.7. Saturation Recovery Pulse sequence with drive drain in the beginning 
In this pulse sequence, initially, a series of  
𝜋
2
  pulses are used to saturate the signal so that Mz = 
0. Following saturation, a recovery time (τ) is allowed for the spins to evolve towards equilibrium.  
This occurs via T1 processes. Finally, a 
𝜋
2
 pulse is applied to acquire the signal. By varying τ, we can 
extract T1 and fit eqn. (2.3.16) as shown below in Figure 2.8. 
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Figure 2.8. An example of a fit used to find T1 
Another sequence used is the inversion recovery sequence which is pictured below in Figure 2.9. For the 
inversion recovery sequence, initially a 180° pulse is applied inverting the equilibrium 
magnetization from the +z-axis to the –z-axis. Then after a time τ, a 90° pulse is applied to acquire 
the signal. During τ the spins evolve towards equilibrium via T1 processes.  Simple spin-lattice 
relaxation is described by the following equation 
𝑀𝑧 = 𝑀0(1 − 2𝑒
−
𝑡
𝑇1)   (2.3.17) 
 
 
Figure 2.9.  T1 inversion recovery pulse sequence 
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It should be noted that T1 ≥ T2.  Typically for T1’s that are shorter than a few seconds, the 
inversion recovery sequence is used. For longer T1 values, the saturation recovery sequence is 
used.  
2.3.3 Relaxation Broadening 
The NMR linewidth is a primary factor when assessing the resolution and signal-to-noise ratio of 
spectra. A popular definition indicates linewidth as the full-width at half-maximum (FWHM) of 
the resonance line shape. For the simplest case of strictly homogeneous magnetic interactions, the 
NMR linewidth is governed by T2 relaxation. Therefore, larger magnetic interactions lead to 
shorter T2s and broader resonances, as described by the following equation: 
𝑣1/2 =1/𝜋𝑇2                  (2.3.18) 
 Where v1/2 = full-width at half-max. 
In some cases, T1 relaxation can influence NMR linewidths. This can be seen from the 
following uncertainty relation: 
ΔE. Δt > ħ                  (2.3.19) 
ℎ𝜈1
2 
2
𝑇1 >
ℎ
2𝜋
             (2.3.20) 
𝜈1
2 
>
1
𝜋𝑇1
                (2.3.21)  
T1 lifetime broadening occurs for extremely short relaxation times, often encountered when T1 ≈T2. 
This situation can arise for systems that are subject to large paramagnetic and/or quadrupolar 
interactions. [2] [3] [4] 
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2.4 EPR 
2.4.1 Basic EPR Theory 
Electron paramagnetic resonance (EPR), also known as electron spin resonance spectroscopy 
(ESR) or electron magnetic resonance (EMR), was invented by the Russian physicist Zavoisky in 
1945. EPR is an important technique to study the dynamics and magnetic structure about unpaired 
electrons of atoms and molecules in semiconductors, paramagnetic ions in crystals, organic 
free/unbound radicals, color centers, radiation damage centers, ferro- and antiferromagnetic 
materials etc. For technological reasons typical EPR studies of paramagnetic samples are done 
with microwaves (0 - 35GHz) in magnetic fields of 0 – 2T, although higher frequencies and fields 
can be employed.  
 
EPR described in this thesis differs from NMR in at least two respects. Firstly, the magnetic 
component of the applied microwave radiation interacts with the electron spin ?⃗?  in EPR, as 
opposed to radio-frequency excitation of the nuclear spin ?⃗⃗?  in NMR. Secondly, the experimental 
setup of EPR is based on a fixed monochromatic radiation source (continuous wave or cw) coupled 
with a variable magnetic field. Precisely, the EPR spectrum is fundamentally a plot of microwave 
absorption (at constant frequency) as a function of applied magnetic field.   
The EPR magnetic field described here is “swept”, and thereby causes a variable Zeeman splitting 
of the electron magnetic energy levels. The continuous presence of the monochromatic microwave 
will cause resonance (absorption) only when the Zeeman splitting energy according to the 
resonance condition, extending from eqn. (2.1.1) [1]: 
ℎ𝜈 = ∆𝐸 =  𝑔𝜇𝐵𝐵0               (2.4.1) 
22 
 
The g-value,  
                                                                    𝑔 =
ℎ𝜈0
𝜇𝐵𝐵0
                                  (2.4.2) 
is a fingerprint for the identification of various unpaired electronic environments. The g-value for 
free electron is 2.0023. The deviation of a measured g-factor from 2.0023 can arise from spin-orbit 
coupling between the ground state and excited states, thereby g-values vary depending on the 
electronic configuration of the radical containing the unpaired spin. Spin orbit coupling to empty 
orbitals produces a negative contribution to g, while coupling to filled orbitals produces a positive 
effect on g. The g-values are dependent upon the orientation of the paramagnetic interaction tensor 
relative to the B0 direction. Because orbitals are oriented in the molecule, the magnitude of this 
mixing is direction dependent, or anisotropic.  
 
Figure 2.10. Singlet EPR Spectrum of irradiated Polyimide 
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2.4.2 Continuous Microwave Irradiation 
EPR experiment can be performed by continuous microwave irradiation of a sample placed in a 
magnetic field and detection of the microwave absorption. It is extremely difficult to produce a 
microwave source that provides a variable frequency range of several octaves with a sufficient 
amplitude and frequency stability. Hence, the microwave frequency (the quantum) is kept constant, 
while the magnetic field (the energy level separation) is varied. A second EPR characteristic is 
determined by the instrumentation. The detector, a microwave diode, is sensitive to a broad 
frequency range. To reduce the frequency range of the detected noise, the EPR signal is modulated 
by a sinusoidal modulation of the magnetic field and only the modulated part of the diode output 
voltage is detected. Besides a drastically enhanced signal-to-noise ratio (S/N), this method implies 
the detection of the first derivative of the absorption spectrum rather than the absorption line itself. 
Although the detected signal is proportional to the modulation amplitude ∆B0; ∆B0 should not 
exceed one-third of the line width ∆BPP to avoid disturbed line shapes. 
After a sufficiently long continuous microwave irradiation, the magnetization will reach a 
stationary state and the time derivatives of the magnetization vector vanish. In the analysis of first 
derivative spectra, a peak-to-peak line width Г𝑃𝑃 is favorable. It is related to the full width at half 
maximum (FWHM) of the respective absorption line by  
Г𝑃𝑃
Г𝐹𝑊𝐻𝑀
=
1
√3
               (2.4.1) 
In magnetic field swept spectra, the relation 
∆𝐵𝑃𝑃 =
2
√3𝑇2
           (2.4.2) 
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holds when the spectrum is not inhomogeneously broadened by unresolved hyperfine couplings. 
In the latter case, the spectrum consists of Gaussian signals rather than of pure Lorentzian signals. 
 
Figure 2.11. Lorentzian absorption (top) and derivative of the Lorentzian lines(bottom) as 
observed in CW EPR spectroscopy 
 
In the analysis of first derivative spectra, a peak-to-peak line width Г𝑃𝑃 is favorable. It is related 
to the full width at half maximum (FWHM) of the respective absorption line by  
Г𝑃𝑃
Г𝐹𝑊𝐻𝑀
=
1
√3
               (2.4.1) 
In magnetic field swept spectra, the relation 
∆𝐵𝑃𝑃 =
2
√3𝑇2
           (2.4.2) 
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holds when the spectrum is not inhomogeneously broadened by unresolved hyperfine couplings. 
In the latter case, the spectrum consists of Gaussian signals rather than of pure Lorentzian signals. 
2.4.3 EPR Interactions and Hamiltonian 
The spin Hamiltonian contains all interactions of the electron spin with the external magnetic field 
and internal magnetic moments i.e. other spins near the electron spin. The energy of paramagnetic 
species in the ground state with an effective electron spin S and n coupled nuclei with spins I is 
described by the static spin Hamiltonian: 
𝐻0 = 𝐻𝐸𝑍 +𝐻𝑍𝐹𝑆 +𝐻𝐻𝐹 +𝐻𝑁𝑍 +𝐻𝑁𝑄 +𝐻𝑁𝑁                                          (2.4.3) 
Where, 
𝐻𝐸𝑍 describe the electron Zeeman interaction  
𝐻𝑍𝐹𝑆  is related to the zero-field splitting 
 𝐻𝐻𝐹  defines hyperfine couplings between the electron spin and the nuclear spins 
𝐻𝑁𝑍    represents the nuclear Zeeman interactions  
 𝐻𝑁𝑄   defines the quadrupolar interactions for nuclear spins with I>1/2 
𝐻𝑁𝑁  is Hamiltonian for spin–spin interactions between pairs of nuclear spins  
The different terms of the spin Hamiltonian in equation (2.4.3) are arranged according to their 
typical energetic contribution. All energies will be given in angular frequency units. [6] 
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2.4.3.1 Electron Zeeman Interaction 
The interaction between the electron spin and the external magnetic field is described by the 
electron Zeeman term 
𝐻𝐸𝑍 =
𝜇𝐵
ℏ
𝐵0𝑔𝑺                                       (2.4.4) 
  
which is the dominant term of the spin Hamiltonian for usually applied magnetic fields (high field 
approximation). Since both spin operator S and the external magnetic field B0 are explicitly 
orientation-dependent, g assumes the general form of a tensor with the components: 
𝑔 = (
𝑔𝑥𝑥 𝑔𝑥𝑦 𝑔𝑥𝑧
𝑔𝑦𝑥 𝑔𝑦𝑦 𝑔𝑦𝑧
𝑔𝑧𝑥 𝑔𝑧𝑦 𝑔𝑧𝑧
)                         (2.4.5) 
 
It can be diagonalized via Euler angle transformation of the magnetic field vector into the 
molecular coordinate system of the radical to yield 
 
 
𝑔 = (
𝑔𝑥𝑥 0 0
0 𝑔𝑦𝑦 0
0 0 𝑔𝑧𝑧
)                         (2.4.6) 
 
The deviation of the g principal values from the ge value of the free electron spin and its orientation 
dependence is caused by the spin–orbit coupling. Since the orbital angular momentum L is 
quenched for a non-degenerate ground state, only the interaction of excited states and ground state 
leads to an admixture of the orbital angular momentum to the spin angular momentum. The g 
tensor can be expressed by  
𝑔 = 𝑔𝑒1 + 2𝜆Λ                           (2.4.7) 
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with the spin–orbit coupling constant λ, unity tensor 1 and the symmetric tensor Λ. For most 
organic radicals, the excited states are high in energy and gjj = ge. Larger deviations are observed 
for transition metal complexes, which also benefit from the fact that the spin–orbit coupling as a 
relativistic effect is proportional to the molecular mass of the atom. In solution, the orientation 
dependence of the g tensor is averaged by fast molecular motion and an isotropic g-value is 
observed, which amounts to 
𝑔𝑖𝑠𝑜 =
1
3
(𝑔𝑥𝑥 + 𝑔𝑦𝑦 + 𝑔𝑧𝑧)    (2.4.8) 
 
2.4.3.2 Hyperfine Interaction 
The hyperfine interaction is one of the most important sources of information in EPR spectroscopy. 
It characterizes interactions between the electron spin and nuclear spins in its vicinity. Hence, it 
provides information about the direct magnetic environment of the spin. Its contribution to the 
Hamiltonian is given by 
𝐻𝐻𝐹 = 𝐻𝐹 + 𝐻𝐷𝐷 = ∑ 𝑆
𝑇
𝑘 𝐴𝑘𝐼𝑘          (2.4.9) 
Hyperfine term can be further divided into isotropic component HF and dipolar term HDD. 𝐴 is the 
hyperfine coupling tensor and 𝐼𝑘the spin operator of the k
th coupled nucleus in equation (2.4.9). 
Fermi has shown that for a system with one unpaired electron of wavefunction ψ(r) with magnetic 
nucleus situated at the origin of coordinates, an isotropic hyperfine interaction arises due to “direct 
Fermi contact” of electronic and magnetic moments: 
𝐸𝑖𝑠𝑜 = (
8𝜋
3
) |𝛹(0)|2 𝜇𝑒 . 𝜇𝑁      (2.4.10) 
The operator corresponding to equation (2.4.10) is 
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𝐻𝐹 = (
8𝜋
3
)𝑔𝜇𝐵𝑔𝑁𝜇𝑁|𝛹(0)|
2 𝑆 ⋅ 𝐼 = 𝐴0𝑆 ⋅ 𝐼 
                                                                                                                                                      
(2.4.11) 
 
 The nuclear magnetic moment gives rise to a dipole–dipole interaction between electron and 
nuclear spin, which acts through space whose classical expression is  
With the introduction of the dipolar coupling tensor T, the dipolar term of the hyperfine interaction 
can be expressed by 
𝐸𝑑𝑖𝑝𝑜𝑙𝑎𝑟 =
𝜇𝑒.𝜇𝑁
𝑟3
=
3(𝜇𝑒.𝑟)(𝜇𝑁.𝑟)
𝑟5
                (2.4.11) 
Replacing the magnetic moment vectors in equation (2.4.11) by their correct quantum mechanical 
operators gives: 
𝐻𝐷𝐷 = − 𝑔𝜇𝐵𝑔𝑁𝜇𝑁 [
𝑆⋅𝐼
𝑟3
−
3(𝑆⋅𝑟)(𝐼.𝑟)
𝑟5
] = 𝑆. 𝑇. 𝐼                   (2.4.12) 
Where T is the anisotropic hyperfine tensor given by 
𝑇 =  
𝜇0
4𝜋
𝑔𝜇𝐵𝑔𝑁𝜇𝑁
𝑟3
(
−1
−1
2
) = (
−𝑇
−𝑇
−2𝑇
)             (2.4.13) 
 
This representation neglects g anisotropies and spin–orbit couplings but is a good approximation 
if both effects are small. Since T is traceless, the dipolar part of the hyperfine interaction is 
averaged to zero by fast and isotropic rotation of the radical. 
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Chapter 3 
Studies on Damage and Recovery Mechanisms of Electron-
Irradiated Polyimide 
 
3.1 Introduction 
Due to its high durability in harsh environments, polyimide (PI, Kapton®) is extensively used in 
space missions as a thermal management blanketing material. As such, PI comprises the exterior 
surface of most spacecraft and is directly exposed to the energetic particles that make up the space 
environment. PI is naturally an electrical insulator; however, radiation exposure affects the 
material such that it becomes critical for spacecraft designers to understand the nature of electron 
transport (electrical conductivity) within the bulk of the material. [1, 2, 3] For instance, there is 
evidence of a decrease in the resistivity by three orders of magnitude after eight months of 
simulated Geosynchronous Orbit (GEO) electron exposure. [13] Various ex-situ and in-situ 
electron paramagnetic resonance (EPR) experiments have been performed on thermally treated 
and UV exposed polyimides [6, 7]. The relation between free radical generation in polyimides due 
to thermal degradation, thermoxidation, and discoloration has been studied [5, 6, 7]. Stability of 
generated radicals in polyimides irradiated by UV [7], heavy ions [14, 16, 17] and protons [5] has 
also been studied. However, comparatively fewer studies have been performed focusing on the 
effects from high energy electron irradiation [22, 23, 24].  The general understanding is that under 
ionizing irradiation, the PI’s chemical structure is modified due to bond scission and radical 
formation. The electrical properties are thereby dramatically altered, as these radicals form space 
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charge traps within the band gap. Two prevalent mechanisms are used to characterize radiation 
induced conductivity (RIC): trap formation and recombination.  Traps are caused by surface 
charging of the polymer.  This can adversely affect the macro-electronic conditions of spacecraft 
resulting in electronic discharge or arcing.  The recombination process, defined by Rose and 
Fowler and based on photoconductivity data, is related to healing and ageing processes (e.g. 
scarring) of the polymer after radiation.  Both mechanisms are related to the formation of radicals 
during irradiation. It is generally observed that with time, those radicals may recombine or react 
with oppositely charged species such that the material recovers its original high resistivity. [5], 
[14], [15], [16], [17]. The recovery process (free radical evolution) of PI in vacuum, argon and air 
after having been subjected to 90 keV electron irradiation, is presented in this research thesis. The 
main objective of this research is to examine the relationship between radical concentrations in 
electron irradiated PI and the optical and electrical properties using EPR and nuclear magnetic 
resonance (NMR) spectroscopy. EPR spectroscopy is used to determine radiation-induced radical 
concentrations in polyimide, while the NMR spectroscopy is sensitive to the structural 
rearrangement and magnetic relaxation associated with irradiation. Specifically, 1H NMR spin 
count measurements helps to investigate the spatial distribution of radicals in the polymer. 
Additional NMR experiments, 13C provides structural evidence of bond scission. 
 
3.2 Sample Preparation 
Polyimide (PI) is found to be a highly durable polymer, even when exposed to: radiation, high 
temperature environments and harsh chemicals (exhibiting good resistance towards many organic 
solvents, acids and bases). This makes polyimide one of the most popular high-performance 
polymers. PI foil was commercially produced by DuPont under the trade name Kapton and is used 
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mainly in the high-tech industry, e.g. in aerospace, computer and automotive industries. Due to its 
very good mechanical and thermal properties (stable from 4 to 674 K), PI is often used as a thermal 
insulating material in aerospace applications. Detailed information of the material properties is 
given in Table 3.1. [9] 
 
 
Table 3.1. Material Properties of Polyimide 
 
The chemical structure of PI is shown in Figure 3.1. 
 
Figure 3.1. Chemical structure of Polyimide 
 
Density   1.42 g/cm3 
Melting point      No melting 
Glass transition temperature 360 – 410 ° C (2. Order) 
Thermal conductivity 0.12 W/m K 
Tensile strength (max.) 231 MPa 
Dielectric strength (at 60 Hz; 6 mm electrodes with 500 V/s) 303 V/μm 
Dielectric constant (at 1 kHz) 3.4 
Resistivity 1.5 x 1017 W cm 
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Samples were prepared by Ryan Hoffmann and group in the Spacecraft Charging and Instrument 
Calibration Laboratory (SCICL) at Kirtland Air Force Base in New Mexico, USA.  To produce 
defects in the PI material, it was subjected to high energy (90 keV) mono-energetic electron 
radiation from the Kimball Physics EG8105-UD electron flood gun. Prior to radiation exposure, 
all PI samples were subjected to a 24-hour vacuum dehydration bake at 60°C.  Samples were then 
mounted on an aluminum rotating carousel to ensure uniform electron beam exposure.  Irradiation 
was performed at a dose rate of 94.8 Gy/s under a vacuum level that was maintained at less than 1 
× 10−6 Torr for the duration of the exposure. PI samples investigated in this work were bombarded 
with high-energy electrons to different doses ranging from 5.6 × 107Gy (8.3 years of the GEO-
equivalent) to 1.2 × 108 Gy (17 years of the GEO-equivalent). The GEO-equivalent radiation doses 
were calculated using the AE9/AP9 radiation belt model. [33] 
 
3.3 EPR Studies of Polyimide 
Electron paramagnetic resonance (EPR) sample-ageing studies were performed on irradiated PI 
film samples maintained under vacuum and air. Thin films of PI were rolled and packed in 4 mm 
quartz tubes for measurement. For measurements performed under vacuum, the sample tubes were 
connected to a vacuum pump with a special adapter. Other samples were kept under argon, by 
simply packing them in quartz tubes inside the (argon filled) glovebox. These latter samples were 
exposed to air just prior to measurement. Spectra were gathered at room temperature using a 
Bruker EMX EPR spectrometer operating at X-band frequency (9.74 GHz), modulation field 
strength of 1 Gauss, 81.92 ms conversion time, 20.48 ms time constant.  The optimized parameters 
for EPR studies are taken from reference [7]. Time-zero and subsequent sample ageing-time 
measurements were made at various intervals within a 550-hr period after time-zero.  Ageing times 
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were tabulated from the moment samples were exposed to ambient air and light; it was at time-
zero when the first EPR/NMR experiment was executed. Thus, the data pertains to radical 
evolution during the “post-storage” condition. The “pre-storage” period includes the sample 
transport period (~2 days), where samples were kept in good thermal/electromagnetic isolation 
within an evacuated steel dewar between Kirtland Air Force Base and Hunter College.  There is 
also a moderate time-period (~1 hr) during which samples were removed from the steel travel 
dewar under argon (but exposed to light) and prepared for EPR/NMR measurements.  It is assumed 
that very little sample defect evolution occurred prior to measurement. 
Figure 3.2 shows a comparison of EPR spectra for 2 different samples:  1) PI kept under vacuum 
and 2) PI exposed to air. Asymmetric singlet line shapes were observed for all samples, with 
similar g-values (2.0050  0.0005) and linewidths (∆Bpp ∼5 G). These spectra are comparable with 
those previously measured for UV- and proton-irradiation PI samples. [4, 5, 6, 7] The spin-orbit 
coupling of nitrogen and oxygen in these radicals apparently is responsible for the increase of g-
values and linewidth compared to typical carbonaceous organic radicals (2.002-2.003 and 
∆Bpp∼3G) [5, 6, 7].  
 Also apparent in the vacuum-sealed spectrum of fig. 3.2 are features consistent with the presence 
of three distinct species; namely phenyl, phenoxyl and ketone radicals, as represented in figure 
3.3. After a few hours of air exposure, the ketone and phenoxy radicals are apparent, however 
phenyl radical is largely absent. This air-exposed spectrum matches well with the EPR spectrum 
from a previous study done on electron irradiated Kapton [4]; however, EPR spectra of polyimide 
films irradiated with protons and large ions clearly display features associated with phenyl radicals. 
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Figure 3.2. EPR spectra of irradiated PI films under vacuum, exposed to air after 20 hrs 
 
 As shown in figure 3.4, homolytic bond scission of ether bonds after electron irradiation leads to 
the formation of phenyl and phenoxyl radicals. Furthermore, phenyl radicals could be formed after 
scission of the bond between a phenyl carbon and carbonyl carbon in the imide ring. Due to σ-
bond structure of these radicals, they are highly reactive. Thus, two phenyl radicals might possibly 
recombine with each other or react with atmospheric oxygen on air exposure getting back to same 
structure before irradiation [4]. This type of recombination scheme would explain the evolution of 
the phenyl radical peak in the EPR line shape during the first 4 to 20 hours of air exposure (Figure 
3.5). In between the period of 20 to 163 hrs, the fluctuation of peak intensities and line shape has 
been observed for phenoxyl radicals. After roughly 163 hours, the phenoxyl radical intensity 
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attenuates, leaving the remaining signal of the ketone radical. Ketone radicals are presumably 
formed due to rupture and subsequent arrangement of the imide fragments.  
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Figure 3.3. Structure of radicals formed during the irradiation of polyimide. 
 
  
Figure 3.4. Models of radiation damage in PI film prior to self-mending [4] 
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Figure 3.5. EPR spectra of irradiated PI (air exposed) taken at different times.  
 
 
Double integrals of the derivative EPR line shapes were calculated to provide the corresponding 
radical concentrations. This procedure was facilitated by comparing, the integrals of the PI EPR 
absorption curves against those of standardized samples containing a known number of spins (i.e. 
4-hydroxy-2, 2, 6, 6-tetramethylpiperidin-1-oxyl, Tempo, as given in Figure 3.6).  
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Figure 3.6. a) Chemical Structure of the Tempo radical and b) EPR spectrum of Tempo solution 
 
The data for air-exposed sample was best fit using a single exponential expression (figure 3.7), 
 
R(t) = R0 + R1 e
-t/T       (3.1) 
Here R(t) is the time dependent radical concentration, R0 is the intrinsic (non-decaying or t = ∞) 
bulk radical concentration, R1 is the dynamic concentration of free-radicals, and T is the 
characteristic time constant. The characteristic time constant for air exposed samples was found to 
be   ̴ 23 hours (1403 minutes). Here, the values obtained for R0 and R1 are 1.88 x 1018 spins/g and 
1.41 x 1019spins/g respectively.  This 10-fold increase in dynamic radical concentration from 
intrinsic one is seen affecting the conductivity and proton count studies in later section. 
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Figure 3.7. Radical concentration decay curve for air exposed irradiated PI (R represents radical 
concentration values in spins/g) 
 
 
 
Later, to observe the evolution of radicals under partial vacuum ~1 Torr, measurements were 
performed at the BRaIN Imaging Center, University of New Mexico, Albuquerque using a Bruker 
EleXsys E500 X-band (9.5 GHz) EPR spectrometer. Besides the sample evacuation procedure, 
these experimental conditions and parameters were the same as those conducted at Hunter College. 
The resulting plots of sample spin concentration, shown in Figure 3.8, there is an almost constant 
radical concentration of about (3.07±0.19) *1017 (spins/g). It is seen that under vacuum conditions, 
the decay of radical concentrations is either nonexistent or very slow.  
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Figure 3.8. Radical concentration decay of irradiated PI (kept under vacuum) 
 
The EPR signal decay for the air exposed samples agrees well with the recovery mechanism probed 
by electrical conductivity measurements done at the Air Force Research Lab (AFRL) and implies 
a root cause for the two (EPR and EC) observations, as shown in Figure 3.9.   
Above results provide new information regarding why the air environment promotes radical 
concentration decay. One of the current theories poses that with air exposure, free radicals can 
recombine or react with oxygen to passivate radical species as given by George et al. [8] as given 
below: 
                                                                                                                                     [3.2] 
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From the proton irradiation experiment, [6], to analyze the post storage behavior in polyimide 
films, recombination effect is taken as an effect of thermodynamic behavior and reaction with 
oxygen is taken as the kinetic model. As the results shown in figure 3.7, the initial rapid decay of 
the radical concentration cannot be explained as the recombination effect only. If the rapid decay 
of the radical signal were thermodynamic, the EPR signal would decay as quickly in vacuum as in 
air, since in vacuum the PI sample is in thermal equilibrium with the surrounding chamber and 
sample mount, i.e. 300 K. However, the radical signal measured in vacuum is shown to be stable 
for > 30 hours. The rapid decay in radical concentration in atmosphere can therefore only be due 
to the presence of external reactants, such as oxygen or water vapor.  
 
 
Figure 3.9. Resistivity (inverse of conductivity) and EPR signal of radiation damaged Kapton 
film plotted as a function of cumulative air exposure time. (Conductivity measurements were 
performed at AFRL as described in section 3.3 [29]) 
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3.4 Volume Conductivity Measurement of Irradiated Polyimide 
This experiment was performed by Ryan Hoffmann and group in the Spacecraft Charging and 
Instrument Calibration Laboratory (SCICL) at Kirtland Air Force Base in New Mexico, USA. PI 
samples in this study were irradiated with doses of 2.3 x 107 Gy (sample B) and 5.5 x 107 Gy 
(sample C), equivalent to 9 years and 17 years of GEO electron exposure, respectively. The 
conductivity of PI samples exposed to air was measured using the constant voltage method [20]. 
Conductivity of samples recovered under partial pressure of nitrogen, oxygen, or argon gases, was 
obtained by surface potential decay measurements [21]. To avoid exposure to atmospheric air, the 
experiments were performed inside vacuum. 
Figure 3.10 compares bulk conductivities of Kapton-H® irradiated with 5.6 x 107 Gy and 
recovered in air (top panel) and vacuum (bottom panel). The initial (time-zero) conductivity for 
air-recovered (5 x 10-15 (Ω∙m)-1) and vacuum recovered (8 x 10-15 (Ω∙m)-1) samples are similar, 
suggesting that this bulk conductivity measurement of irradiated PI is reliable. As illustrated 
below, radiation-damaged PI recovers relatively quickly after air exposure. Within 3 hours, the 
post-irradiation air recovery conductivity decreases from 5 x 10-15 (Ω∙m)-1 to the pristine Kapton 
value of 2 x 10-18 (Ω∙m)-1, and constant thereafter; whereas, in the vacuum recovery case the value 
remained constant throughout the duration of 504 hours, at about 8 x 10-15 (Ω∙m)-1.  
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Figure 3.10. Comparison of air- and vacuum-recovered conductivities of Kapton-H® irradiated 
with a dose equivalent to 2.3 x 107 Gy.  The dashed line indicates the conductivity of pristine 
Kapton-H. [32] 
 
 
 
3.5 NMR Studies of Polyimide 
 
3.5.1 13C MAS Studies 
To see the effect of electron irradiation and radical formation Kapton PI films, 13C solid-state 
magic angle spinning (MAS) NMR measurements were carried out using a Bruker Bio-spin 750 
ultra-stabilized wide bore spectrometer operating near 750MHz (field strength of 17.6T) at room 
temperature. A rotor of 4 mm diameter was used to acquire NMR spectra with the MAS rate at 15 
kHz. Hermetic caps were used to seal the rotors, thereby avoiding any air exposure of the samples 
during measurement. 
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Data were acquired following a spin-echo (/2 –  –  – acquire) pulse sequence without proton 
decoupling. The delay between pulses, , was taken as the inverse spinning rate (67µs) for rotor 
synchronization, and a 200s recycle delay was used to prevent signal saturation. Also, 13C CP-
MAS measurements were taken with a suitable Hartmann-Hahn match obtained using a proton /2 
-pulse of 0.3 ms and decoupling field of 50 kHz.  In this experiment, relaxation times are largely 
determined by 1H relaxation instead of 13C relaxation, and therefore a much shorter recycle delay 
of 3s was sufficient to prevent signal saturation. About 1000 scans were accumulated for 
reasonable signal-to-noise. Chemical shifts are given relative to tetramethylsilane (TMS, 
(13CH3)4Si), whose position is set to 0 ppm. 
Figures 3.11 (spin-echo) and 3.12 (CP-MAS) show the comparison of 13C NMR spectra obtained 
for pristine (witness) and irradiated samples. Five major resonances are observed: 1) the carbonyl 
peak at 166 ppm, 2) a broad peak due to phenoxy carbons around 156 ppm, 3) a peak near 137 
ppm due to protonated carbons of the central phenyl ring, 4) a peak near 127 ppm from the un-
protonated carbons in the central phenyl ring, and 5) the peak around 119 ppm from carbons (not 
carbonyl) bound to nitrogen of the imide ring [9], [22].  
The intensity differences; reduced intensity for the irradiated sample seen at peaks: 166ppm, 
137ppm and a broadening of 119ppm peak have been observed.  These intensity differences are 
common to both spin-echo and CP spectra. Comparing it with ketone and phenyl radical formation 
from EPR studies, the intensity-drop at 166ppm and 137ppm the irradiated material is justified. 
There is only a slight change in the intensity of the phenoxy carbon peak at 156 ppm. This may be 
due to early passivation of the phenoxy radical or it is indicating that radical formation due to ether 
scission may not be primary damage mechanism. 
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a  
Figure 3.11. 13C spin-echo NMR spectra of witness PI (red) and irradiated PI (blue) – 400 scans 
with 200s delay, spinning at 15 KHz. 
 
 
Figure 3.12. 13C CP-MAS NMR spectra of witness PI (red) and irradiated PI (blue)– 1000 
scans with 3s delay. 
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However, the initial drop of intensities of 166 ppm and 137 ppm peak are recovered and stabilized 
after 30 hours as seen in figure 3.13 for CP spectra. As 119 ppm peak didn’t show substantial 
changes during CP experiments run at different times, the spectra were normalized with respect to 
that peak. A possible explanation is that some of the protons participating in CP are rendered 
ineffective by the strong local magnetic fields of the radicals. This is sometimes referred to as a 
“wipe-out effect” and will be discussed in context of 1H NMR results. Also, with air exposure the 
radicals are passivated, and recombination returns the polymer back to its original structure. 
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Figure 3.13. NMR spectra of irradiated PI (red) using CP – 1000 scans with 3s delay taken at 
different times. 
 
 
3.5.2 1H Proton Count Studies 
Another tool to study the effect of radical passivation/PI ageing is through 1H static NMR. Wide-
line 1H measurements were made at room temperature using an Agilent/Varian Direct Drive NMR 
spectrometer operating at 300MHz. Small strips of irradiated thin film PI were rolled and packed 
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in Pyrex glass tubes. In order to perform experiments under vacuum, the open end of the glass tube 
was flame sealed with a torch, keeping the sample under vacuum. An ultralow proton background 
probe was used where pulse power levels were set to obtain 90o pulse widths of 5.5 µs. The 1H 
signal from tetramethylsilane (TMS) was used for the frequency reference. The spectral intensities 
gathered for each polyimide sample were compared with those obtained from reference samples 
of known hydrogen content (Hexamethylbenzene (HMB), 98.5+%, Sigma-Aldrich) for proton 
counting.  
To carry out the calibration, a standard spin-echo (CPMG) pulse sequence method was used to 
obtain a series of 1H NMR spectra with respect to increasing pulse delay times (τ).  Each τ value 
(10μs < τ < 280μs) provides a snapshot of the coherent echo 1H signal during the evolution period 
after sample excitation by the pulses (T2 relaxation).  Since the 
1H signal is proportional to the total 
proton content convoluted by the signal decay with time, the profile of integrated echo signals 
follows the T2 decay.  The total 
1H content is therefore directly proportional to the integral value 
at τ = 0 (obtained through extrapolation).  Some important parameters are: 90o pulse = 5.5μs, total 
accumulated scan counts of 16 (HMB) and 64 (PI) and recycle delays of 3s for the prevention of 
signal saturation.   
The classical T2-governed exponential spin-echo signal dependence is given by equation (1), 
 I() = I0 e(- /T2)     (3.3) 
where T2 is the spin-spin relaxation time,  the inter-pulse delay time, and I0 the signal intensity at 
t = 0.  A plot of ln [I (τ)] versus τ is shown in Figure 3.14 for HMB, along with the linear regression. 
The exponential of y-intercept at I0 = I (0) is proportional to the total proton content in the sample. 
By this method, the spectrometer calibration (the intensity per proton, at specific spectrometer 
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parameters: receiver gain, scaling, etc.) was found to be 1.29(±0.015) ×10-14 intensity units per 
proton. 
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Figure 3.14. Spin-echo ln [I (t)] for HMB vs. τ (at room temperature).  The red line shows the 
linear regression result. 
Using the calibration, the proton spin-count for the PI samples was carried out.  The air-exposed 
irradiated PI CPMG data (gathered in identical fashion as the HMB reference data) reveals a profile 
indicative of (Figure 3.15). The formalism therefore allows for the separate identification of two 
spin-spin relaxation times (T2a and T2b) such that the behavior is described through the following 
bi-exponential expression:  
I (τ) = Ia e (-τ /T2a) + Ib e (-τ /T2b)          (3.4) 
 In this analysis, the total proton content is proportional to I0 = Ia + Ib.  The value for I0 is obtained 
by extrapolating to find the y-intercept of ln [I(τ)] vs. τ. The total proton content per gram sample 
was calculated by dividing I0 by the calibration (1.29(±0.015) ×10
-14 intensity units per spin) and 
the corresponding sample mass.  
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Figure 3.15. Spin-echo ln [I (t)] for air-exposed irradiated PI vs. τ (at room temperature)  
 
The post-storage elapsed time 1H CPMG spin-counts for the air-exposed sample (spanning 40 hrs) 
is shown in figure 3.16. The samples were sitting in argon glove box for 24 hours before 
measurements were started. The exponential dependence is clear with the result adequately 
described by the following equation. 
 
P(t) = P0 - P1 e
-t/T     (3.5)   
Here P(t) is the time dependent proton concentration. P0 is the intrinsic proton concentration with 
P0 - P1 as the initial concentration just after irradiation, and T is the characteristic time constant. 
Results for the air-exposed sample give: T ≈ 6.7 hours (or about 400 minutes), P0 = 8.67 x 1022 
spins/g and P1 = 9.83 x 10
23 spins/g. It is interesting to note that the 10:1 ratio of dynamic-defect-
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to-intrinsic-defect concentrations from EPR studies roughly parallel the dynamic-proton-to-
intrinsic-proton concentrations (also about 10:1). The similar behavior of these data and the 
paramagnetic defect concentration is understood because the proton magnetic relaxation is largely 
governed by the radical concentration. The initially low proton concentration is due to 
paramagnetic wipe-out effects, as the large couplings significantly reduce coherent proton 
magnetization within the time frame of a measurement. The dynamic healing process (via radical 
recombination and other passivation mechanisms) reduces the radical concentration and reduces 
the overall coupling between radical and proton magnetic moments.  In this way, protons become 
less influenced by radical moments and are rendered observable with an effective proton 
concentration increase.  With time the dynamic radical concentration fades, and the observable 
proton concentration remains influenced increasingly by the slowly changing intrinsic radical 
concentration.   
The effect of air passivation is clearly evident by comparison of the above results with those of 
NMR measurements gathered for an irradiated PI sample kept under vacuum. The obtained time 
dependent proton spin count data for this sample is shown in figure 3.17. Although the data were 
gathered over a shorter span of 23 hours, it is clear that no dynamic passivation has occurred; 
which is consistent with the constant radical concentration behavior gleaned from the EPR studies. 
The average proton count of (7.45±1.29) *1020 spins/g indicates lower-than-true proton content 
(pristine PI having ~9.97*1023 spin/g) due to wipe-out effects.  
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Figure 3.16.  Change in 1H concentration of irradiated PI exposed to air with post-storage 
elapsed time (the red curve is the best fit using equation 3.5). Blue line indicates the pristine PI 
concentration (~9.97*1023 spin/g) 
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Figure 3.17.  Change in 1H concentration of irradiated PI under vacuum with post-storage 
elapsed time 
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3.6 FTIR Studies of Polyimide 
The optical properties of damaged and pristine PI were measured using the DHR (Directional 
Hemispherical Reflectance) method, performed with a Surface Optics Corporation SOC-400T 
field portable Fourier Transform Infrared (FTIR) reflection spectrometer (2 – 25 μm) by our 
collaborators at AFRL. FTIR spectroscopy probes chemical bonding by exciting vibrational 
transitions within the molecule. Measurement of the absorbed wavelengths of IR light gives 
specific chemical information of bonds as every chemical bond has unique vibrational energy 
states. Changes in the position and intensity of the IR absorption “fingerprint” of damaged and 
recovered materials offer insight into what chemical bonds are being modified during the radiation-
induced degradation process. Although the SOC-400T is a reflection spectrometer, measurements 
were made on an electron irradiated PI sample mounted in a vacuum-sealed chamber through a 
CaF2 window. The material was backed with a gold mirror, effectively making the reflection 
measurement a double-pass absorption experiment. 
Figure 3.18 indicates an increase in the absorption at the carbonyl out-of-phase stretch frequency 
(1725 cm-1), suggesting formation of new carbonyl-like groups, presumably due to electron-
induced scission of the ether bridges in the material. Additionally, an increase in the absorption at 
the C-N-C stretching region around 1117 cm-1 has been observed. A slight increase in the small 
peak at 1095 cm-1 has also been observed. The authors have found no assignment for this band in 
the literature, although the weak absorption band has been observed in other FTIR studies of this 
compound [26, 27]. The two spectra have been normalized to the phenyl absorption peaks.  
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Figure 3.18. IR absorption spectrum of damaged (red) and pristine (black) Kapton [ Taken 
from to be published paper] 
 
Several other publications have identified other indications of chemical changes in polyimides via 
FTIR spectroscopy, including scission of ether (C-O-C) bonds [4, 28] and breakage of phenyl 
rings.[28, 29] Because the spectra presented in this study have been normalized to the phenyl 
absorption peak, it is impossible to determine whether these moieties become more or less IR 
active based on this data alone. Interestingly, a reduction in carbonyl absorption peaks after 
electron irradiation has also been reported.[4] While the IR spectra are not sufficient to diagnose 
chemical damage on their own, the measurements provide indications of possible damage 
mechanisms.  
EPR and NMR spectra give indirect evidence of imide ring rupture and radical formation. X-ray 
diffraction and mechanical analysis both show indirect evidence of crosslinking.   We also observe 
ether bridge breakings which can cause formation of more carbonyl-like groups and give rise to 
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phenyl and phenoxyl radicals. This result is consistent with the FTIR spectra of the 
pristine/damaged materials showing an increased absorption at the out-of-phase CO stretch 
frequency. Previous studies have reported similarly ambiguous results from FTIR studies of 
electron and ion-damaged polyimide, but chemical arguments have been made to support the 
breakage of C-N bonds in the material under electron irradiation.[23, 30, 31] The immediate loss 
of protons upon irradiation has not been observed experimentally, although Sun, et. al. have 
observed a reduction in several IR absorption bands associated with C-H vibration after irradiation 
with high energy Xe ions.[30]  
 
3.7 Conclusion 
Structural elements, healing time-scales, and electrical transport properties of radiation-damaged 
PI films were investigated via EPR, NMR, FTIR and conductivity measurements. It is found that 
with limited exposure (minutes to hours) to atmosphere, properties of interest are dramatically 
affected. Formation of different radicals; shorter-lived types (i.e. phenoxy in air) and longer-lived 
types (i.e. ketone) were observed. These are seen to be affecting the normal behavior of PI material. 
The highly insulating material behaves as a conductive one due to radical formation. For instance, 
the conductivity of irradiated PI decreased by an order of magnitude, after only 2 minutes of air 
exposure, whereas, the concentration of radiation-induced radicals decreased by an order of 
magnitude after a few hours of air exposure. The characteristic time constant for radical decay was 
found to be nearly 23 hours, after air exposed samples with intrinsic radical concentration of 1.88 
x 1018 spins/g and dynamic radical concentration 1.41 x 1019spins/g respectively.  This 10-fold 
increase in dynamic radical concentration from intrinsic one is matching well with the volume 
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conductivity and proton concentration in the sample. 5 x 10-15 (Ω∙m)-1 volume conductivity was 
observed after irradiation due to presence of radicals which decrease down to pristine Kapton value 
of 2 x 10-18 (Ω∙m)-1 within 3 hours. The dynamic proton concentration of 8.67x 1022 spins/g reaches 
to the nearly pristine value with 9.97 x 1023 spins/g after radical passivation in about ~ 50 hrs. 
 Proper care and control should be maintained for the storage, handling, and characterization 
protocols of irradiated material as it is highly reactive with atmospheric oxygen and water. Thus, 
understanding the physio-chemical changes in polyimide after electron beam irradiation can help 
influence the design for improved materials geared towards spacecraft applications. Even, the 
polymer may be modified to use for other material applications after irradiation. 
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CHAPTER 4 
 Free Radical Polymerization in Melanin-Like Peptides 
 
 
4.1 Introduction 
Melanin named by Berzelius in 1840 to refer to black animal pigments occurring throughout the 
phylogenetic scale without any specific structural, biogenetic or functional implication. [1, 2] 
Melanins found in plants and animals, plays an important photoprotective role. It protects cells 
against oxidative stresses. The level of protection depends upon the content of melanin, its 
chemical state and degree of aggregation. [3]   Melanins are formed intracellularly by enzymatic 
conversion of tyrosine to dopaquinone, followed by oxidative polymerization. They include both 
biogenetic origin from tyrosine and metabolic function from melanocytes. [2] The self-assembly 
and polymerization of natural melanin is operated by complex process.  Synthetic eumelanin type 
biopolymers—such as mussel-inspired polydopamine have optical, electronic, and free-radical 
properties that make them attractive for materials and biomedicine applications. [4-8] 
In preparation of synthetic melanin, it is hard to control and understand yielding insoluble 
polymers with not well defined chemical and structural composition limiting its applications. To 
precisely control and tune synthetic melanins for applications, supramolecular materials formed 
by peptide building blocks can be used. The peptides chain as short as two or three amino acids 
have also shown self-assembly to form discrete nanoscale materials with tunable optical, 
mechanical, electrical and piezoelectric properties. [9] Combining catalysis and self-assembly 
offers and attractive approach for aqueous materials processing. 
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In this study, the supramolecular organization of tyrosine containing tri-peptides is reported to 
direct the formation of melanin-like materials with distinct morphologies and self-assembly 
properties. Different oxidation levels are being observed for the different peptide sequences 
obtained. This suggested that oxidative polymerization can be controlled by peptide 
nanostructures. To gain insight of mechanism in which peptides’ molecular organization tunes the 
oxidation and polymerization, X-ray measurements, EPR spectroscopy techniques are being used. 
Finally, their electrochemical ion-storage capacity is being studied to employ the peptide-
melanins’ functional properties. 
 
4.2 Material and Sample Preparation 
The samples were prepared by Professor Rein Uljin and group at Advanced Science Research 
Center at the Graduate Center of the City University of New York. Tripeptide amides were 
purchased from Cis Bio. Tyrosinase, L-Tyrosine, Synthetic melanin and melanin from Sigma 
Aldrich. All solvents were purchased from Sigma Aldrich and Novabiochem. All peptides were 
dissolved to 20 mM in 100 mM phosphate buffer at pH 8 by vortex and sonication, followed by 
heating at 75°C until solutions became clear, and then cooling to room temperature. For the 
oxidation reactions, tyrosinase was dissolved to 2 mg/ml in 100 mM phosphate buffer at pH 8, and 
diluted 10-fold when directly added to each peptide sample, to a final concentration of 0.2 mg/ml.  
For characterization of the oxidized peptides, all peptides were oxidized for 24h (unless indicated 
otherwise) at room temperature followed by centrifugation at 15,000 rpm for 10 min to separate 
non-oxidized peptide from the oxidized fractions.  
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Figure 4.1. Biosynthesis of eumelanin starting with tyrosine oxidation by tyrosinase. [9] 
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4.3 Self-Assembly 
The self-assembling peptide sequences are identified which present tyrosine (Y) residue in 
differential orientation and environment. Tyrosine acts as the oxidizing agent, polymerization 
precursor and as well self-assembly promoting amino acid. For the purpose, tyrosine is combined 
with aggregation-prone aromatic amino acid phenylamine (F) and a charged amino-acid; aspartic 
acid (D). To increase self-assembly propensity at neutral pH conditions, the zwitterionic form of 
the tripeptides were used by applying C-terminal amides. Variable presentation of tyrosine 
residues with the assemblies can be used to form tunable materials with melanin function. 
Tripeptide combinations were selected with D at either terminus, excluding D in the middle 
position, which is less favorable for tripeptide self-assembly (10). Following annealing by 
temporary heating (75°C) and subsequent cooling to room temperature, the four selected peptides 
exhibited distinctive self-assembly behaviors, as immediately obvious from their macroscopic 
properties (figure 4.2 B, upper panel). YFD assembles into a dense network of nanofibrils forming 
an opaque gel, FYD forms amorphous aggregates, DFY forms a clear gel containing nanofibrils, 
while DYF undergoes a supramolecular reconfiguration from nanospheres (in the pre-gel state) 
into rapidly growing macroscopically observed crystals, giving rise to a self-supporting gel. The 
stiffness of the formed crystals varied dramatically depending on peptide sequence. Remarkably, 
DYF displayed stiffness similar to those previously reported for diphenylalanine nanotubes (11). 
Clearly, dramatic sequence control over supramolecular organization is achieved by simply 
repositioning amino acids in tripeptide assemblies.  
Similar to melanin biosynthesis, the approach starts with enzymatic oxidation of tyrosine residues 
and subsequently polymerization. In this supramolecular system, both the contribution of tyrosine 
residues to the network of noncovalent interactions as well as the steric environment formed by 
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the structures are expected to influence the oxidation-polymerization. Enzyme tyrosinase (isolated 
from Agaricus bisporus), was used which typically oxidizes tyrosine into 3,4-
dihydroxyphenylalanine (DOPA) and further oxidation products, including DOPA-quinone, 
DOPAchrome and dihydroxyindole as shown in figure 4.1. The enzyme solution was directly 
added to each sample of assembled peptide (post annealing). A readily observable, variable color 
change caused by peptide oxidation was observed for all four tripeptides following 3 h incubation 
with the enzyme as well as major color differences between the samples (figure 4.2B, middle 
panel), suggesting different oxidation levels. This color change was enhanced following 24 h 
incubation with the enzyme, as the samples became darker with a range of brown to black colors, 
indicating the oxidized peptides polymerized. Color differences between the peptide samples were 
still observed at this time, with the darkest brown-black color for DFY, and the lightest color for 
FYD (figure 4.2 B, lower panel. Tyrosine, natural melanin-precursor was used as control. As 
expected, tyrosine rapidly oxidized and polymerized, as observed by the black color of the sample 
and the polymeric precipitate observed following 3 h incubation (figure 4.2 B). These findings 
show that oxidative polymerization can be tuned by peptide nanostructures. 
4.4 EPR Studies 
The oxidized samples after 24 hr were used for the study. They were packed in 4mm quartz tubes. 
EPR experiments were performed at room temperature on a Bruker EMX spectrometer operating 
at X-band (9.74GHz). Spectra were obtained with 100 kHz field modulation, 25 dB attenuation 
(0.63 mW power), 2.00 Gauss amplitude modulation, 40.96 ms time constant, and 81.92 ms 
conversion time. 
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Figure 4.2. Peptide melanins. (A) Schematic representation of the selected tripeptide sequences, 
and the controlled formation of peptide melanins by enzymatic oxidation and further 
polymerization of pre-organized tripeptides. (B) Macroscopic images of the materials formed by 
the self-assembly of the tripeptides (20 mM in phosphate buffer at pH 8) (upper panel), following 
4 h (middle panel) and 24 h (lower panel) of enzymatic oxidation (0.1 µg/µ), including oxidation 
of tyrosine into synthetic melanin as a control. [10] 
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Singlet EPR spectra as observed are shown in figure 4.4. Table 4.1 shows the recorded g values 
and linewidth (∆Bpp) of the spectra. Narrow spectrum is seen for Y peptide with g value and 
linewidth of 2.0052 and 5.21 G respectively. The tripeptide chains have broader spectra than single 
Y peptide. YFD and DYF have closer g values of 2.0054 and 2.0053 correspondingly, with 
respective linewidth of 5.50 G and 5.94 G. DYF spectrum is broadest with linewidth of 6.17 G and 
highest g value of 2.0055. DFY spectrum is closer to DFY with respective g value and linewidth 
of 2.0052 and 6.07 G. The g values for these peptides are higher than the natural melanin. [13, 14, 
15] It may be due to the presence of residue of semi-quinone radicals (figure 4.3) during 
polymerization. The broader spectra of YDFox and FDYox may be due to their amorphous nature 
[10] or due to presence heterogeneous radicals.  
The double integral of the derivative line shape of the EPR spectrum was calculated to find their 
corresponding radical concentrations. The radical spin population is obtained by comparing the 
area, under the absorption curve of the melanin peptide samples with that for a standard sample 
with a known number of spins (i.e. Tempo or 4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl). The 
double integral of the derivative line shape of the EPR spectrum was calculated to find their 
corresponding radical concentrations. 
 
Figure 4.3. Semiquinone radical trapped in-melanin responsible for the paramagnetic properties 
[16] 
67 
 
 
Figure 4.4. EPR spectra of polymeric peptide pigments and Yox following 24 h of oxidation and 
synthetic melanin. 
 
Sample g value Line width (∆B) (Gauss) Radical Concentration (spins/g) 
Natural Melanin 2.0059 
 
5.42 8.32*1018 
Synthetic Melanin 2.0054 6.06 3.17*1018 
Y 2.0054 5.23 3.08*1018 
    DYF  2.0063 6.79 4.80*1017 
DFY 2.0062 7.08 3.54*1017 
FYD 2.0062 6.64 3.32*1017 
   YFD  2.0057 5.03 7.77*1016 
YDF 2.0059 9.20 4.69*1017 
FDY 
 
2.0058 8.21 2.61*1017 
  
Table 4.1. g-values, linewidth and radical concentration of different polymeric peptide pigments, 
oxidized tyrosine, synthetic and natural melanin in tabular form 
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 DYF is seen to have highest radical concentration among polymeric peptide pigments with the 
value of 4.80 x 1017 spins/g which is 10-fold lower than the values of oxidized Y and melanin 
samples. YFD has the lowest radical concentration 4.69x1017 spins/g. The relative higher 
semiquinone concentration in DYF corresponds not only to the overall concentration of quinones 
but also molecular configurations that permit comproportional reactions as given by equation 4.1. 
[2] Comproportionation is a chemical reaction where two reactants, each containing the same 
element but with a different oxidation number, form a product in which the elements involved 
reach the same oxidation number. [16]  
𝐻2𝑄 + 𝑄 ↔ 𝑆𝑄 + 2𝐻
+                                       (4.1) 
Equation 4.2 is showing the comproportional equilibrium between fully reduced (𝐻2𝑄), fully 
oxidized (𝑄) and their semi-reduced (semi-oxidized) (𝑆𝑄). 
The attenuated EPR signal observed in polymeric peptide pigments is consistent with this model 
owing to the smaller over all quinone concentrations and reduced quinone-quinone interactions 
compared with natural melanins. 
 
4.5 Electrodes Preparation and Discharge Measurements 
These experiments were performed by Prof. Christopher J. Bettinger and group at Department of 
Biomedical Engineering, Carnegie Mellon University. Electrodes were prepared by mixing 
peptide melanins, carbon black, and PTFE as a binder in a mass ratio of 70:15:15. Electrode 
components were blended using agate mortar and pestle. Melanin electrodes (5 mg) were formed 
by mechanical compaction around a stainless-steel mesh current collector (Type 316, McMaster-
69 
 
Carr, Cleveland, OH USA). Total 5 mg sample was used, which includes 3.5 mg peptide melanin, 
7.5 mg carbon black, and 7.5 mg PTFE. [9] 
Galvanostatic half-cell discharge measurements were performed in aqueous 0.5 M K2SO4 
electrolytes. Melanin electrodes were pre-oxidized using three-electrode setup in aqueous 0.5 M 
K2SO4 electrolytes by applying 0.03 A/g. The specific capacity of half-cells was calculated by 
multiplying the period of discharge with applied current densities, 0.03 A/g, (current/mass of 
active melanin electrode material). A three-electrode cell was constructed using melanin 
(working), platinum (counter), and mercury-mercurous sulfate (MSE, reference) electrodes. 
Galvanostatic half-cell discharge profiles were measured using a multichannel potentiostat-
galvanostat (VMP3, Bio-logic, Knoxville, TN USA) as shown in figure 4.5. Specific capacities 
are normalized with the mass of redox-active melanin electrodes (3.5 mg). 
 
Figure 4.5. Macroscopic image of peptide melanin electrode and schematic illustration of the 
electrochemical cell used for discharge measurements. [10] 
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To study whether the supramolecular order can be employed to tune peptide-melanins' functional 
properties, their electrochemical ion-storage capacity was analyzed. For that, electrodes were 
fabricated by compacting peptide-melanin powders (obtained by freeze drying) into stainless steel 
meshes. [17] Galvanostatic half-cell discharge measurements were performed using potassium 
sulfate electrolyte solutions. The analysis showed that DFY has the highest specific charge storage 
capacity (~8.5 mAh g-1), ~3-fold higher than that of the oxidized tyrosine alone (figure 4.6 a) and 
b)). These data suggest that 2D sheets of DFY are associated with the optimal charge storage 
capacity for this class of materials. This trend could be attributed to an increased concentration of 
redox active Y derivatives, an increased specific surface area to improve capacitive charge storage, 
or both. Capacitive storage is likely the source of differential capacities in cathodes. The specific 
capacity od DYFox
 is comparable to the value of synthetic melanin-based cathodes (figure 4.7).  
 
Figure 4.6. a) Electrochemical potential profiles of peptide melanins or oxidized tyrosine. 
b) Average specific capacity values of peptide melanins or tyrosine presented as a bar chart. 
Standard errors indicated, N=3.; MSE (Mercury sulfate electrode), AH (Ampere Hour) [10] 
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Figure 4.7. Comparison of electrochemical potential profiles of DFYox with synthetic melanins 
(Sigma Aldrich), natural melanins from Sepia officinalis (Sigma Aldrich), and Yox in 0.5 
M K2SO4 electrolytes at a current of 105 μA. [10] 
 
4.6 Conclusion 
Here, we observed that enzymatic oxidation of tyrosine with amino acid phenylamine (F) and 
aspartic acid D, with changing arrangements of three in different order leads to formation of 
polymeric peptide with different behaviors and structures. With the position of tyrosine being 
dominant, the differential self-assembly and reactivity of the different arrangement of the 
polymeric pigment was observed. DFY arrangement showed closer behavior to previously known 
synthetic melanin in all studies. This leads to easier control and tunability of the melanin like 
peptides. As the short peptides are easier to handle for applications, they can be integrated with 
diverse structures for application in cosmetics, biomedicine.  
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Chapter 5 
Effect of Magnetophoresis in PEDOT: PSS [Poly(3,4-
ethylenedioxythiophene) Polystyrene Sulfonate] 
 
5.1 Introduction 
Transport electrodes are required for emitting and harvesting light in optoelectronic devices, 
LEDs, LCDs, solar cells touch panel displays etc. Idium tin oxide (ITO) is used to serve the 
purpose. However, due to rare availability of Idium, it is highly expensive and not compatible with 
flexible electronic devices. To overcome the issues, organic conducting polymers are being 
studied. One of them is PEDOT: PSS as shown in figure 1. PEDOT [Poly (3,4 
ethylenedioxythiophene)] when coupled with PSS (Polystyrene Sulfonate) shows relatively high 
thermoelectric behavior. They are alternative to conductive oxides due to its flexible, transparent 
behavior and low-cost production. Solvent additives post treatment with different secondary 
dopants such as DMSO, DMF, THF, [3] EG, nitro methanol, glycerol and other organic solvents 
etc. increase the electric conductivity in an expense of thermoelectric power is decreased. Though 
PEDOT: PSS dispersions are used in aqueous form are widely used, solid state applications are 
still being optimized. [1,2,3] 
 
Figure 5.1. Structure of PEDOT: PSS 
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In the current study, alignment and aggregation of PEDOT: PSS under low magnetic field shows 
the increase in conductivity and Seebeck Coefficient which is greater than that after using 
secondary dopants. The charge carriers such as polarons and bipolarons on the PEDOT chain, are 
responsible for current propagation in the polymer. [5] Although the paramagnetic species, mainly 
polarons in PEDOT chain have been studied due to effect of secondary dopants, the effect of 
magnetophoresis on charge carriers and paramagnetic centers are being studied along with in this 
study. Magnetophoresis aides the calculation of the paramagnetic concentration of the in the 
sample with more accuracy. [9] The magnetophoretic alignment of PEDOT is observed to alter the 
morphology of the polymer. This in turn is dependent on the coupling of paramagnetic centers. 
EPR technique is being used to study those paramagnetic centers. The change in morphology also 
coincides with enhanced circular dichroism (CD) that is measured in the plane of the substrate or 
film, which may be useful in monitoring the changes in the nanocrystal morphology. [6] 
 
5.2 Sample Preparation 
Samples for this study were prepared by Professor Luat Vuong and group at Department of 
Physics, Queens College of CUNY. The aqueous dispersion of PEDOT: PSS (Sigma Aldrich 
electronic grade in water, 0.5% PEDOT, 0.8% PSS wt.) was placed in a glass vial, sealed with 
parafilm, and sonicated for ten minutes. Plastic substrates (Pella 2225, 22x22x0.18 mm, Polyvinyl 
Chloride) were rinsed with deionized water, blown dry with nitrogen, and plasma-cleaned in a 
vacuum chamber (Harrick PDC-326) for five minutes. The substrate was placed in the center of a 
mT-Helmholtz-coil with field lines oriented perpendicular (Figure 5.2a) or parallel (Figure 5.2b) 
to the substrate. A glass volumetric pipette was used to deposit 400µL of PEDOT: PSS on the 
center of the substrate. Due to resistive heating of the Helmholtz coil, the air temperature 1-2mm 
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above the sample surface was approximately 25-27°C (time-averaged), measured with two 
thermocouples (Omega HH309a Datalogger Thermometer). Control (reference) samples were 
produced at ambient air conditions with heated Peltier tiles to provide equivalent conditions of 25-
27°C 1-2mm above the sample surface.  All samples were thermally annealed at 50°C for 1 hour 
in an oven to remove residual water (Hot pack Vacuum Oven). [6]  
 
Figure 5.2. Experimental setup showing (a) substrate-parallel and (b) substrate-perpendicular 
alignment     of magnetic field covered with PEDOT: PSS.  Reference samples are heated on a 
thermoelectric cooler. (c) Rendition of the magnetophoretic response observed. [6] 
The thin films prepared under magnetic fields parallel to the film surface (“BP1”) are composed 
of approx. 10 microns rod-like PEDOT phases, aligned in the direction of the applied magnetic 
fields under which the samples settled. Thin films prepared with magnetic fields perpendicular to 
the film surface (“BP2”) also exhibit rod patterns, with the PEDOT-phases being dendritic and 
randomly aligned.  [6]  
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5.3 EPR Studies of PEDOT: PSS 
 
The samples were cut into size of around 10mm*35mm*200µm to fit inside the quartz tubes 
for EPR experiments. Spectra as shown in figure 1 were gathered at room temperature using a 
Bruker EMX EPR spectrometer operating at X-band frequency (9.74 GHz), modulation 
frequency of 100 MHz, modulation field strength of 3 Gauss, 81.92 ms conversion time, 20.48 
ms time constant.  The background effect of the glass substrate has been removed in the given 
spectra. 
3300 3350 3400 3450 3500 3550 3600 3650
H (G)
 Control
 BP1
 BP2
 
Figure 5.3. EPR spectra of control (in black), BP1 (in red) BP2 (in blue) 
 
The g values of all three samples are ~ 2.0038±1. The line width (Bpp) of the control sample is 
found to be 6 Gauss which increases to ~ 17 Gauss for BP1 and BP2 samples. 
 
79 
 
The radical concentrations (spins/gram) are summarized in the following table: 
 
Table 5.1. Radical concentration and line width of different PEDOT: PSS samples 
 
 
The g values obtained for the samples here are comparable to previous studies done on PEDOT: 
PSS. [1] Polarons present on the PEDOT backbone are the sources of the EPR signal. It is seen 
from table 5.1 that the radical concentration of PEDOT: PSS is larger for BP1 and BP2 samples 
compared to control. The radical concentration value is higher than seen in the PEDOT: PSS 
sample doped by other secondary dopants [1]. The narrower part of the control spectrum 
corresponds to the effect of bipolarons or the presence of less number of polarons. The existence 
of more spin ½ polarons in magnetically oriented PEDOT: PSS causes the broader line shape [1, 
2, 3]. 
Paramagnetic species, their spin concentration, interactions with each other, interactions with 
surrounding nuclei and their molecular environment; all these affect line width and shape of EPR 
spectrum of sample. Types of magnetic interactions in paramagnetic centers determine EPR line 
shape. The paramagnetic center is influenced by the external magnetic field as well as filed of 
magnetic moments of the surrounding paramagnetic centers. Dipolar interactions between these 
Sample 
Radical concentration 
(spins/g)  
Radical Concentration 
(spins/cm3) 
Bpp (Gauss)  
Control 2.94 x 1016 4.35 x 1021 6 
BP1 5.64 x 1016 1.05 x 1022 ~17 
BP2 8.76 x 1016 1.29 x 1022 ~17 
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paramagnetic centers broaden EPR lines. Linewidth is also linearly dependent on concentration of 
free radicals or transition ions in solution or in solids in accordance with 
∆H = ∆H0(1 + aC)                 (5.1) 
where, C is concentration, a is constant and ∆H0 is linewidth due to dipolar contribution. [4] 
When concentration is large enough, exchange interaction becomes more active and broaden the 
line shape. In current samples, the both effects may have occurred, as concentration increases, the 
line shape is broadened. The radicals in control are less mobile compared to magnetically oriented 
samples. In figure 5.4 here, the absorption spectrum (first integral of the EPR spectra) makes it 
clear about 3-fold difference in concentration of control and other samples. 
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Figure 5.4. Absorption spectra obtained by integrating EPR spectra of control (in black), BP1 
(in red) BP2 (in blue) 
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5.4 Electric Conductivity and Thermoelectric Effect Measurement 
These experiments for electric conductivity and thermoelectric power are performed by our 
collaborator, Professor Luat Vuong’s group at Department of Physics, Queens College of CUNY. 
The electrical sheet resistance R of the PEDOT: PSS films is determined using gold point probes 
as electrodes and a Keithley 2611A Source meter. The electrical conductivity (σ) is given:  
σ = L/RtW             (5.2) 
where the sample has a thickness t, length L, and width W. [7] The average t of the samples is 
determined from cross-sectional views under SEM to be 200 ± 5 µm. The Seebeck coefficient (S) 
of the PEDOT: PSS film is obtained from the slope of the graph of ΔV as a function of ΔT: 
S = ΔV/ΔT.               (5.3) 
The temperature difference ΔT is produced across the sample by two Peltier modules and measured 
by two thermocouples (Omega HH309a Datalogger Thermometer). The induced voltage 
difference ΔV is measured by two probes of a fixed distance (Keithley 2182A Nanovoltmeter). 
The direction of the conductivity and thermoelectric effect as it relates to the direction of the 
applied magnetic field was compared.  The S of 10µV K-1 for control samples is consistent with 
values reported previously. [8] When a PEDOT: PSS sample is dried adjacent to permanent magnet 
with maximum magnetic field B = 1T, values of S ~ 100µV K-1 was observed.  The parallel and 
perpendicular components of the magnetic field cannot be correlated with the anisotropy of 
samples as the magnetic field is not uniform across the sample. 
For BP1 sample, S and σ values were maximum when the axis of the thermoelectric and electrical 
measurement corresponds to the direction of the applied B-field, or at θ= 90° and θ= 270° (Figure 
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5.5). For BP2, as expected, the measured values of S and σ do not show anisotropy. At 
measurement of corner-to-corner angles of the samples (θ= 45°, 135°, 225°, and 315°), the 
measured values of S and σ on BP2 samples appear slightly higher than control but the uncertainty 
in these measurements is considerably high. Cracking of the polymers at the corners during 
preparation causes the higher error for corner to corner angles. 
 
Figure 5.5. Inset: Schematic of the in-plane angle of measurement (𝞱). In BP1 𝞱 = 90° and 𝞱 = 
270° correspond to the direction of the applied field.  Electrical conductivity and Seebeck 
coefficient as a function of 𝞱 (°) for (a,b) perpendicular and (c,d) parallel magnetic-field-
induced alignment. [6] 
 
In BP1, the rods are aligned with the applied magnetic field, whereas with BP2, the rods form 
random and dendritic patterns. By symmetry, if both samples carried the same composition of the 
anisotropic rod-like PEDOT domains whose conductivity was solely determined by the rod 
alignment, then BP1 samples and BP2 samples should exhibit the same average values of S and σ 
across all angles. This behavior is seen in higher magnetic fields.  The lower-than-expected values 
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of S and σ in the BP2 samples with lower magnetic fields may suggest that random arrangement 
of rods results in low charge transport. Relative clustering and rod-assembled network along with 
composition and direction of the rod-like domains determines the electrical properties.  [6] 
5.5 Circular Dichroism Measurement 
Circular Dichroism (CD) measurements of the PEDOT: PSS films are performed with white light 
from a Newport xenon solar simulator by Professor Luat Vuong’s group at Department of Physics, 
Queens College of CUNY. The circularly polarized light is generated with an achromatic linear 
polarizer and broadband quarter-wave plate (λ/60 retardance accuracy) that is connected to a 
Thorlabs motorized rotation stage (PRM1Z8). The samples are also connected to a motorized 
rotation stage to control the motion within 10-3 degrees. The transmitted light is captured via a 
CCD, fiber-coupled spectrometer (Filmetrics F20-UV). 
The magnetically-aligned films exhibit CD, which is associated with polarons on the PEDOT 
backbone (Figure 5.6). The control samples exhibit CD when tilted at 45° to the incident light.  
The magnitude of the CD at 45° increases almost 30% with BP1 and BP2 samples. At 90°,CD for 
control is negligible whereas CD for magnetic-field-treated samples, which is larger for the BP2 
samples. This is quite in agreement with the data from EPR where BP2 sample has highest of the 
polaron concentration. 
Morphological changes in the PEDOT: PSS resulting from the applied magnetic field during drop-
cast drying increases the CD of polymers in glancing-angle plane of the substrate. The CD 
measurements indicate that the PEDOT: PSS exhibits a clear handedness, which is intrinsic to the 
PEDOT: PSS polarons. It is expected that the rods tend to lie flat on the substrate. Circularly-
polarized light does not couple into the polarons when light is directed perpendicular to the rods, 
evidenced by the fact that the sample CD increases significantly when the sample is tilted. It 
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appears that a small portion of the rods may also be perpendicular to the substrate, since there is 
non-negligible CD in the samples at 90°.  
 
Figure 5.6. Normalized Circular Dichroism (CD) measurements for (a) control, (b)BP2, and (c) 
BP1 as a function of tilt angle of the sample with respect to the illuminating white-light source. 
[6] 
 
Morphological changes in the PEDOT: PSS resulting from the applied magnetic field during drop-
cast drying increases the CD of polymers in glancing-angle plane of the substrate. It is expected 
that the rods tend to lie flat on the substrate. Circularly-polarized light does not couple into the 
polarons when light is directed perpendicular to the rods, evidenced by the fact that the sample CD 
increases significantly when the sample is tilted. It appears that a small portion of the rods may 
also be perpendicular to the substrate, since there is non-negligible CD in the samples at normal 
incidence. The normal-incidence CD is higher for BP2 samples, which could be expected if the 
rods preferentially align with the applied magnetic fields [6]. 
 
5.6 Conclusion and Discussions 
Rod-like nature of microscale PEDOT formations (Figure 5.1) corresponds to the coil-to-rod 
transition and crystallization of PEDOT: PSS via magnetophoresis. The PEDOT microstructures 
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coincide with increased values of S and σ, particularly when the rod-like formations are aligned in 
the direction of measurement [11]. 
Two stages of influence of the magnetic-field on the assemblies of the polymer particles are 
expected. In one stage, the applied magnetic field interacts with the paramagnetic susceptibilities 
of the polymer particles due to polarons and PEDOT: PSS colloids align and migrate to minimize 
their energy E = −µB· B, where µB is magnetic moment of dipole and B is the magnetic flux density 
[13]. In another stage, the PEDOT: PSS reduces its polymeric magnetoresistance and energy via 
changes in shape/morphology. The electronic origin of the nT-changes in magnetoresistance in 
PEDOT: PSS is thought to stem from electronic structure and electron-reaction pathways. [14,15] 
It is believed that excitation leads the originally-coiled polymer colloid to become more linear and 
rod-like. Delocalization of electrons along π-orbitals, i.e. polarons along planar backbones of 
PEDOT induce rod-like structure during structural rearrangements which often behave as flexible 
coils. [16,17] The higher conductivities are measured in the direction of the rod-like formations. 
In conclusion, low-level magnetophoresis is demonstrated in PEDOT: PSS in thin films. Overall, 
a 4-fold increase in the thermoelectric Seebeck coefficient and doubled measurements of the 
electrical conductivity are achieved. Higher-magnetic fields is expected to lead to deeper 
morphological changes that others have observed. [18] Evidence of the conformational changes in 
shape/morphology is supported by the increased spin concentration and excitation and shown in 
EPR and CD measurements. PEDOT: PSS samples exhibit broadly negative CD at non-normal 
incidence, which is derived from the polaron band and the partially coiled or helical structure of 
PEDOT: PSS [19,20]. With magnetically treated samples, we observe a stronger CD measurement, 
indicating that strong paramagnetic polarons on the PEDOT chains are excited.  
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